Abstract-Optimised strategies regarding the coordinated grid connection of a fleet of electric vehicles often consider the simultaneous connection of a large number of these vehicles. This may induce voltage fluctuations of significant amplitude and provoke objectionable light intensity variations when applied to lighting equipment, which is defined as flicker. Hence, it is important to study under which conditions flicker may arise in order to define optimised grid connection strategies which prevent this phenomenon from occuring. However, although the grid impact of electric vehicle fleets is an active area of research, very few papers have considered the flicker level which the grid connection of electric vehicles may generate. Hence, this paper addresses the flicker level induced by the step-by-step grid connection of a fleet of electric vehicles connected to the distribution network. Flicker level will be studied under different conditions in terms of grid short-circuit level, grid impedance angle and power consumption profiles of the electric vehicle fleet.
I. INTRODUCTION
F LICKER is defined as visual discomfort due to the light intensity fluctuations of the lighting equipment undergoing voltage variations caused by loads and power sources having a variable power profile. Hence, grid operators require that its level is maintained below an allowed limit. However, optimised strategies regarding the coordinated grid connection of a fleet of electric vehicules (EVs) often consider the simultaneous connection of a large number of these vehicles, which may lead to flicker. Despite this, the flicker level corresponding to the grid connection of an electric vehicle fleet has been rarely studied in the literature. This is thought to stem from the currently low penetration level of EVs in most countries, as under these conditions, no coordinated strategy is necessary. Hence, the presently small number of existing EVs connects to the grid in a random fashion, thus generating no flicker.
As highlighted in a review paper [1] , the issues which are usually addressed in papers dealing with the grid integration of an EV fleet are its impact on: peak demand [2] , power losses [3] - [6] , voltage deviations [3] , [4] , [6] , loss of life of on-load tap-changing (OLTC) transformers [7] , network congestion and in particular thermal loading of the distribution electrical equipment [6] , [8] , unbalance and harmonic distortion [4] . Only one paper has been found to address flicker [9] . More specifically, this paper details the individual flicker levels emitted by three different EVs having each a different battery management strategy. It showed that the flicker level P st emitted by a single EV could be significant (reaching almost 1.2 when the background flicker does not exceed 0.4). However, the flicker level emitted by a fleet of electric vehicles had never been studied, to the best of the authors' knowledge, and is thus addressed in this paper. More precisely, this study focuses exclusively on the flicker generated by the successive grid connections of several groups of EVs. Hence, the contribution in terms of flicker of the battery management strategy is not taken into account here. So, it is assumed that the power consumption of an EV is constant once connected. The flicker level is studied for grids of different strength levels in terms of short-circuit levels and in terms of impedance angles. However, unrealistic cases are excluded from the analysis based on the value of their shortcircuit ratio and on their pre-connection loading ratio.
II. MODELING
A. Flicker 1) Flickermeter design: A flickermeter compliant with IEC standards 61000-4-15 [10] and 61400-21 [11] was used in this study. Its design is described in a previous work [12] . This tool converts a 10-minute long voltage profile into an index called short-term flicker level and referred to as P st .
2) Flicker requirements: Grid operators require that flicker level in their network does not exceed an allowed limit in order to ensure a sufficient level of quality of their power supply. These limits may differ between different grid operators. Hence, a survey on flicker requirements enforced in several countries has been undertaken as part of this study and its results are described later in this section.
It is important to note that two types of flicker limits are found in grid codes and other similar regulations. The first one is the total maximum flicker level at a given node, usually the point of common coupling (PCC). This limit represents the non-linear combination of the individual flicker levels generated by each load or power source. The second one regards the individual flicker emitted by a given grid-connected installation. Grid operators may decide to enforce one or the other type of flicker limit, or both.
As regards electric vehicles, no flicker requirement has been issued yet. This is very likely due to their currently very low level of penetration in most power systems. Hence, in the absence of EV-specific requirements, it was thought reasonable in this paper to consider flicker requirements applied to power sources (such as wind turbines) and loads connected at the distribution level. Table I 2 Applicable to wind/wave installations, 3 For short-circuit levels Ssc ≥ 40 MVA, 4 For short-circuit levels Ssc < 40 MVA (Ssc is in MVA) different grid operators [13] - [17] or as recommended by IEC standard 61000-3-7 [18] . The most stringent limit is enforced in the countries belonging to the Nordel group (i.e. Denmark, Finland, Iceland, Norway and Sweden) and is equal to 0.3. It corresponds to an individual limit. It is interesting to note that this limit is lower than the minimum limit of P st =0.35 which is recommended in IEC standard 61000-3-7. The most permissive limit is equal to 1 and corresponds to a total flicker limit. Hence, if the flicker level is smaller than 0.3, then the EV fleet complies with flicker requirements in any case. If, on the contrary, the flicker level ranges between 0.3 and 1, the EV fleet compliance depends on the regulations of the country in which the EV fleet is used. In addition, besides the flicker limit, the compliance of the EV fleet may depend on the background flicker level due to the other gridconnected installations. In summary, when the flicker level ranges between 0.3 and 1, complying with flicker requirements is strictly site-dependent. However, if the flicker level exceeds 1, the EV fleet can be considered as failing definitely to comply with flicker requirements.
B. Grid modeling
A grid model was developed in DIgSILENT power system simulator PowerFactory [19] and is shown in Fig. 1 . The EV fleet is connected to the 20 kV bus which represents the point of common coupling. The impedance between the electric vehicles and the point of common coupling is assumed negligible compared to the other impedances considered here and is thus not modeled. A 20 kV/30 kV transformer connects the EV fleet to the rest of the national/regional grid. The transformer rated power is equal to 20 MVA and its impedance is equal to 0.06+j2.10 -4 pu where j is the imaginary unit. The rest of the national/regional grid is modeled by a 30 kV voltage source in series with an impedance. This grid model is inspired from the electrical network of the Irish Atlantic Marine Energy Test Site (AMETS) [20] which was initially modeled for a previous work [21] . However, its network architecture was deemed representative of the distribution grid in many other countries [22] .
The angle Ψ and the magnitude Z of the grid impedance • , and Z={5; 10; 20; 30} Ω which corresponds to short-circuit levels S sc ={30; 45; 90; 180} MVA. These short-circuit levels correspond to distribution networks generally defined as weak to mediumstrength grids. No other power sources or loads are connected to the network as this study focuses exclusively on the flicker generated by the grid connection of an EV fleet.
C. EV fleet modeling
The EV fleet is composed of N ev vehicles whose individual power consumption will be referred to as P ev in the rest of the paper. Power P ev was selected as equal to 3 kW which corresponds to the power required for slow charging by an electric vehicle of medium autonomy range [23] - [25] . It is assumed that this vehicle does not consume nor inject reactive power to the grid. No "Vehicule-to-Grid" strategy is considered, hence the electric vehicles are modeled as loads only.
Several options exist for connecting an EV fleet to the grid. One of these options consists in allowing all the electric vehicles to connect to the grid as soon as they arrive at their charging site (typically the owner's home), as it is now the case. However, more coordinated strategies are usually envisaged for optimization purposes, for instance for minimizing power losses, peak demand, etc. [26] . In most of these grid connection strategies, the time at which the EVs connect to the grid is an optimization variable. Also, in most studies, all the vehicles belonging to the fleet, or at least to a fraction of it, are allowed to connect simultaneously. In particular, in largescale EV fleets, it may be expected that several EV groups may connect one after another to prevent any power system stability issues [27] . This approach was retained in this study and the EV fleet is divided into several groups which connect successively one after another with a time delay ∆T , as shown in Fig. 2 . A maximum number of up to 10 EV groups was arbitrarily selected for this study. It is important to note that the number of EVs N ev depends only on the grid impedance angle and magnitude, and on the total number of group grid connections k which ranges between 1 and 10 (k ∈ N).
The voltage change at the point of common coupling due to the connection of a single group of EVs is modeled by means of a Heavyside step function. In other words, and as mentioned earlier, the power consumed by the EVs is assumed to be constant once charging has started. This may not always be the case in reality as varying the EVs power consumption may be advisable, for instance for reducing peak loads and power losses. However, as mentioned earlier, this paper focuses on the flicker generated exclusively by the grid connection of an EV fleet, and not by its subsequent switching operation.
The voltage at the PCC is modeled by a series of Heavyside functions, each delayed from the previous one by a time duration ∆T chosen equal to 30 s in this study. However, it is important to consider that the time delay ∆T between the grid connection of different EV groups may not always be constant, for instance for practical reasons such as the availability of variable renewable resources, latency in the communication infrastructure, etc. In this case, the resulting flicker level should be less than the flicker level corresponding to the minimum time delay and greater than the flicker level corresponding to the maximum time delay. Hence, analysing a voltage profile presenting a constant time delay between each EV group grid connection, as it done in this study, provides a reference for such cases.
The analysis presented in this paper was conducted from the grid operator's perspective, one of whose obligations is to maintain voltage within an allowed range. This allowed range usually represents ±10% of the nominal voltage as described in a previous work [12] . Each EV group composing the farm is assumed to induce a voltage deviation equal to 0.01 pu. Hence, when the fleet is composed of a maximum number of 10 EV groups, the total voltage deviation is equal to 0.1 pu, thus remaining in the allowed range considering a pre-connection voltage equal to 1 pu. Ten voltage profiles were generated. They have one to ten steps which represents one to ten EV group grid connections. The corresponding total voltage deviations are thus equal to 0.01 pu and to 0.1 pu, the latter representing the maximum allowed voltage deviation.
For each of these total voltage deviations, there exist different associated numbers N ev of EVs which correspond to different grid impedance angle and magnitude. Analyzing these numbers, and thus the corresponding rated power levels, allows to exclude some irrelevant cases from the study. In essence, the cases where the EV fleet rated power is sufficiently close to the short-circuit level must be excluded from the study. Also, cases where it is considered likely that the EV fleet grid connection leads to equipment overloading must be excluded as well. This last study, contrary to the short-circuit ratio analysis, is rarely done in conjunction with flicker studies, not to mention flicker studies applied to electric vehicles.
III. METHODOLOGY
An iterative approach was used to determine the maximum number of electric vehicles N ev which may compose the fleet for different impedance angles and magnitudes while meeting the grid operator's voltage requirements. This approach consists in performing successive load flows with PowerFactory using the grid model shown in Fig. 1 for several values of the grid impedance angle Ψ and magnitude Z, and of the number of steps k. For each combination {Ψ; Z; k}, the number N ev of electric vehicles is varied in an iterative fashion until the voltage deviation at the point of common coupling is equal to 0.01k pu. The results will be described by means of two parameters, the short-circuit ratio and the pre-connection loading ratio, which will be explained later in this section. Load flows are solved by means of the Newton-Raphson algorithm. In parallel, the flicker levels corresponding to the voltage profiles composed of successive Heavyside functions, and mentioned earlier in this section, were computed. The results corresponding to this latter analysis are shown in Table II .
Besides flicker, it is also expected that issues such as congestion may arise. Congestion occurs when the power transfer demand from the grid may overload the electrical transmission and distribution equipment. Congestion may also occur when the power transfer demand is close to the maximum power transfer capability of the local network in terms of voltage stability [28] . Congestion can be solved by means of grid reinforcement which is highly likely to solve flicker issues as well. Consequently, flicker may remain an issue only in the cases where the flicker level generated by the EV fleet is not negligible while grid reinforcement is unlikely to be envisaged, i.e. when it is relatively improbable that congestion issues may arise. Hence, flicker and congestion studies were carried out in conjunction in this study. However, congestion studies are usually performed for a specific site and their results cannot be generalized easily. In this context, an analysis was performed to estimate approximately the loading conditions prior to the grid connection of the EV fleet. Based on this, it was intended to determine whether the connection of the EV fleet is likely to provoke congestion due to electrical equipment overloading. The method developed to approximate the preconnection loading conditions is described in Section III-A.
In order to exclude other unrealistic cases from the flicker study, an analysis on the ratio of the short-circuit level to the EV fleet power consumption (also called short-circuit ratio) was performed, as described in Section III-B. Cases corresponding to a sufficiently low short-circuit ratio can be considered as unrealistic as grid operators would limit the rated power of the EV fleet in order to prevent power system issues. Alternatively, they could also choose to reinforce the grid. Hence, these cases must be excluded from the flicker study. In this paper, only cases corresponding to an arbitrarilyselected short-circuit ratio greater than two are considered, as it represents the lowest value for which the grid connection of variables power sources and loads seems to be allowed [29] , [30] . It is also important to note that, contrary to the approximated pre-connection loading conditions, the shortcircuit level can be estimated based on actual network data provided by grid operators [31], [32] .
A. Pre-connection loading ratio
In this section, congestion issues due to the grid connection of an EV fleet are taken into account. In particular, the loading of the electrical equipment connecting the EV fleet to the transmission grid is considered. This equipment is modeled implicitily in the grid impedance. It is assumed that loads connected prior to the EV fleet connection draw a current I from the rest of the national/regional network. It is also assumed that the rating of the electrical distribution equipment (lines, transformers) is greater than, or at least equal to, this current I. Under these conditions, it is finally assumed that the distribution equipment can accommodate an additional load demand from the EV fleet, provided that it is sufficiently small. In other words, the ratio of the EV fleet power consumption to the pre-connection loading due to the already grid-connected loads must be sufficiently small. This ratio can be expressed as
where N ev the maximum number of vehicles for which the fleet complies with voltage requirements. The pre-connection loading S is the apparent power which must be delivered to the already grid-connected loads. Numerical values for this loading are of course site-dependent and may be very variable, but its order of magnitude was approximated in this paper as it will be explained later.
As mentioned earlier, it was assumed that, under normal conditions, lines and transformers are operated at a lower level than their maximum allowed loading. Reasons for this usually include for instance provision for further power transfer (e.g. due to ever-increasing load demand). So, there should usually exist a significant margin between the maximum allowed loading and the pre-connection loading. In other words, it was assumed that a line or a transformer can be safely operated at a loading greater of x% than its pre-connection loading, without leading to congestion issues. However, in the absence of available numerical data, a value of 20% was arbitrarily considered for this security margin. Hence, flicker was studied for cases where the pre-connection loading ratio is less than or equal to 20%. The pre-connection loading S was estimated by assuming that
where V is the voltage, I is the current, R is the real part of the grid impedance Z, p loss is the percentage of losses in the transmission and distribution grid and P is the real part of complex power S. In developed countries, the annual average for p loss is around 6% [33], [34] . Following this, the pre-connection loading can be calculated as
It must be noted that this loading S is assumed to flow through the electrical components (lines, transformers) connecting the EV fleet to the transmission grid. This supposes that the rest of the national/regional grid is composed of electrical components in series connected to an ideal, constant voltage source. Strictly speaking, this is not the case in reality as the grid is meshed, especially at the transmission level while the distribution level is more radially-designed. However, the EV fleet rated power is relatively low compared to the shortcircuit level of a node belonging to the transmission grid, even at the lowest voltage level (from several tens of kV [22] ). Hence, it is sufficient to model the transmission grid as an ideal, constant voltage source. Consequently, considering the rest of the national/regional grid as a radial network is relevant in our case.
Also, it is important to note that the approach described in this section implies that the EV fleet is powered from the rest of the national/regional grid only. This is valid with respect to the conditions considered in this study in which no other power sources are present. However, this constitutes a worstcase scenario with respect to the loading of the distribution electrical equipment connecting the fleet to the transmission grid. This loading could indeed be dramatically reduced if local power sources (e.g. wind farms) were connected to the same distribution grid than the EV fleet. Consequently, under these conditions, grid reinforcement could be delayed or could even become unnecessary. Hence, as this may also allow larger-scale EV fleets to connect to the grid, flicker level could reach higher levels. However, it is important to note that this configuration could lead to other issues, in particular regarding voltage, due to the power flow becoming bi-directional. 
B. Short-circuit ratio
The short-circuit ratio r is calculated such as
Should the short-circuit ratio r be too low, it would be mean that, in order to reach a given flicker level P st , the EV fleet power consumption should be relatively close to the shortcircuit level S sc , which is unrealistic. Hence, irrelevant cases where the short-circuit ratio is less than or equal to two, as mentioned earlier, are excluded from the flicker analysis.
IV. RESULTS

A. Short-circuit ratio
This section presents the results of the short-circuit ratio analysis. As expected, the values of the short-circuit ratio were similar for the different short-circuit levels S sc ={30; 45; 90; 180} MVA. This stems from the proportional relationship which exists between the number N ev of electric vehicles and the flicker level P st whereas the latter is inversely proportional to the short-circuit level S sc , as already described in IEC standard 61400-21. Hence, only the short-circuit ratios averaged over the four short-circuit levels considered in this study are presented in Fig. III. As expected, the short-circuit ratio decreases as a function of the impedance angle. It appears also that, although the short-circuit ratio may be quite low, it is never less than four, whereas the minimum threshold considered here for excluding cases is equal to two, as mentioned earlier. Hence, on this basis, all the cases should be considered. However, in some cases, flicker can reach significant levels with respect to the allowed limits: flicker can thus be considered as representing a potential issue.
The values of the short-circuit ratios corresponding to the most stringent limit, i.e. P st,max = 0.3, are highlighted with a red border in Fig. III . These cells show the minimum shortcircuit ratios for which the flicker level generated by the connection of an EV fleet is less than any existing allowed limit.
Below these minimum short-circuit ratios, national/regional grid code requirements and/or the pre-connection flicker level have to be taken into account to determine whether the EV fleet is compliant with flicker requirements.
B. Pre-connection loading ratio
The results regarding the pre-connection loading ratio are shown in Fig. IV . It is important to mention that the definition of the pre-connection loading ratio is based on the assumption that the loading S is almost equal to the EV fleet rated power (i.e. S ≈ P ev N ev ). This assumption may no longer be valid for grids having a sufficiently high impedance angle as the reactive power flowing through the grid impedance is no longer negligible. Hence, in this case, the pre-connection loading ratio should be greater than under the initial assumption considered here. In Fig. IV , the grey-colored cells correspond to the cases for which the pre-connection loading ratio exceeds 20% and which are thus considered as irrelevant as mentioned in Section III-A. Under these conditions, it appears that only a limited number of cases can be considered for the flicker study. In particular, it can be observed in Fig. IV that the maximum flicker level which the EV fleet grid connection may be expected to generate ranges between 0.1 and 0.2. This is less than the allowed flicker limits, regardless of whether total or individual flicker limits are considered. Hence, when the pre-connection loading ratio is taken into account, it can be concluded that flicker generated by the grid connection of an EV fleet may not represent an issue as grid reinforcement would occur before flicker becomes significant.
V. CONCLUSIONS
This paper focused on the conditions under which flicker may arise due to the grid connection of a fleet of electric vehicles to the distribution network. In particular, this study has focused on the contribution in terms of flicker of the step-by-step grid connection of an EV fleet. In order to exclude irrelevant cases from the study, two parameters were considered: the pre-connection loading ratio and the shortcircuit ratio. More specifically, it was shown that considering the pre-connection loading ratio in flicker studies is extremely relevant. In addition, it was discussed that powering the EV fleet from local sources connected to the same distribution grid may considerably reduce or even suppress congestion issues by decreasing the loading of the electrical components connecting the fleet to the transmission grid. Hence, larger-scale EV fleets could be allowed to connect to the grid and higher flicker levels might be observed under these conditions.
